Nitrogen sputtering yields as high as 10 4 atoms/ion, are obtained by irradiating N-rich-Cu 3 N films (N concentration: 33 ± 2 at.%) with Cu ions at energies in the range 10-42 MeV. The kinetics of N sputtering as a function of ion fluence is determined at several energies (stopping powers) for films deposited on both, glass and silicon substrates. The kinetic curves show that the amount of nitrogen release strongly increases with rising irradiation fluence up to reaching a saturation level at a low remaining nitrogen fraction (5-10%), in which no further nitrogen reduction is observed. The sputtering rate for nitrogen depletion is found to be independent of the substrate and to linearly increase with electronic stopping power (S e ). A stopping power (S t j,) threshold of ~3.5 keV/nm for nitrogen depletion has been estimated from extrapolation of the data. Experimental kinetic data have been analyzed within a bulk molecular recombination model. The microscopic mechanisms of the nitrogen depletion process are discussed in terms of a non-radiative exciton decay model. In particular, the estimated threshold is related to a minimum exciton density which is required to achieve efficient sputtering rates.
Introduction
Copper nitride is a semiconducting material with an optical bandgap of around 1 eV [1] [2] [3] which presents a cubic lattice structure. Cu 3 N thin films are usually deposited by sputtering [4, 5] . Being metastable [6] , copper nitride easily decomposes into metallic copper and nitrogen by different techniques such as: thermal annealing [6] [7] [8] [9] , and irradiation with electrons and laser pulses [10] [11] [12] [13] . More recently, the effect of swift heavy ion (SHI) irradiation [14] [15] [16] in which the electronic stopping power (S e ) is some orders of magnitude higher than the nuclear stopping power (S n ) is being investigated. When the material decomposes, it simultaneously undergoes large changes in electrical resistivity and reflectivity which opens the possibility to use it for write-once optical data storage. Moreover, irradiation methods have been used to pattern the material producing sub-micrometric conductive dots and lines which have a signal speed higher than those usually used in integrated circuits [9] . SHI irradiation presents some clear advantages with respect to the other employed patterning techniques since energetic ions deposit their energy in the material by electronic excitation, forming structures (tracks) with nanometer lateral resolution [17, 18] . Thus, SHI irradiation is a clean process which does not require any type of resist or cleaning procedures for patterning. Diverse phenomenological models such as: coulomb explosion [18] , thermal spike [19] and excitonic [20, 21] have been proposed to describe the responsible mechanism for track formation. The main difference between them is the way in which the SHI transfers its energy to the target lattice. So far, most previous works about track formation have been performed on insulating materials with large electronic bandgaps, like LiNb0 3 , in which a rather coherent picture is emerging [17, 22, 23] . However, for low bandgap semiconductors, like InP and InAs the situation is still quite complex and the processes of damage and defect formation are not sufficiently understood [24] [25] [26] [27] . Some previous studies carried out on metal nitrides irradiated with SHI evidence that nitrogen sputtering is the main direct effect of irradiation [16, [28] [29] [30] .
The study of radiation-induced damage in metal nitrides presents the advantage in the sense that the number of sputtered nitrogen atoms can be easily monitored by elastic recoil detection (ERD). Therefore, it provides a very direct and sensitive method to investigate the irradiation effect and learn about damage mechanisms.
The purpose of this work is to investigate the kinetics of nitrogen sputtering from the film as a function of ion fluence and stopping power for samples irradiated with SHI. To this aim N-rich Cu 3 N thin films were irradiated at room temperature with Cu ions at various MeV energies to cover a broad span of electronic stopping powers. The sputtering efficiency is determined as a function of irradiation fluence and electronic stopping power. As far as we know, the latter dependence, which plays a key role in the understanding of damage mechanisms, is reported here for the first time. A stopping power threshold for nitrogen depletion is estimated to be S th ~3.5 keV/nm. The gathered kinetic data, discussed on the basis of the bulk molecular recombination model (from now on BMR) developed by Adel et al. [29] provide reliable information on the processes leading to bond-breaking and nitrogen liberation. The microscopic mechanism for the nitrogen depletion can be satisfactorily on the basis of a non-radiative exciton decay model.
Experimental
N-rich copper nitride thin films (thickness ~100nm) were deposited at room temperature (RT) by DC triode sputtering from a copper target in an Ar + N 2 atmosphere on glass and Si substrates. The elemental composition of the as-deposited samples was characterized by Rutherford backscattering spectroscopy (RBS) and non-RBS spectroscopy in combination with nuclear reaction analysis (NRA) techniques. A more detailed explanation about sample deposition and elemental characterisation procedures is described in Ref. [5] .
Films were irradiated at RT with Cu ions at different energies from 10 to 42 MeV. The irradiations were performed in a high vacuum chamber (pressure < 1CT 4 Pa) connected to the 5 MV Tandem accelerator at the Helmholtz-Zentrum Dresden-Rossendorf. According to SRIM calculations [31] and assuming a copper nitride density of 5.89 g/cm 3 [32] , the S e in the investigated energy range for this film thickness varies from 4.9 to 11.9keV/nm over the whole film thickness and it is almost two orders of magnitude higher than the nuclear stopping power (i.e. S n = 0.07 keV/nm for Cu at 42 MeV). Thus, irradiations took place in an energy range clearly dominated by the electronic processes. The irradiation fluence was varied from 1 x 10 12 to 450 x 10 12 at/cm 2 . The beam current density was selected to prevent temperature enhancements higher than around 50 °C, which is clearly below to the reported values to observe significant nitrogen depletion [16] . Moreover, X-ray diffraction data on similar samples heated up to 300 °C [6] evidences no sample decomposition. Therefore, it can be concluded that the beam-induced temperature enhancement does not play a significant role in the described mechanism. Elastic recoil detection (ERD) technique was used to measure the N content during Cu irradiation. The recoiled nitrogen atoms were measured with a Bragg ionization chamber (for energies >20 MeV) and with a ToF-E detector (for energies of 10 and 20 MeV). The ToF-E detector is located at a scattering angle of 44°. The analyzed area was about 2x1 mm 2 and it was characterized after the irradiations by measuring the size of the beam spot that was visible after irradiation. The charge was measured using the RBS signal from gold for a gold coated rotating vane that periodically intercepts the ion beam. This signal is calibrated against a Faraday cup. The fluence is calculated from both values. During the measurement intermediate spectrum files were saved to obtain the nitrogen contents as a function of fluence.
Results
The atomic concentration of nitrogen for as-deposited copper nitride thin films deposited both on glass and on Si substrates is determined by combining RBS, non-RBS and NRA measurements to be 33 ± 2 at.% (overstoichiometric, N-rich layers). More details about the nitrogen content determination are reported in Ref. [5] . 0. Table 1 . The dotted line denotes the total density of nitrogen in the as grown samples.
12- Previous swift heavy ion (SHI) irradiation experiments carried out in similar samples ascertained that, as in our case, N is sputtered away, whereas Cu remains in the films [14, 15] . The overall yield R(<p) i.e. the density of sputtered N atoms per unit area for different S e (4.9 > S e > 11.9 keV/nm) is depicted as a function of the total incoming ion fluence in Fig. 1 for N-rich Cu 3 N films deposited on glass (Cu 3 N/glass) and on Si substrates (Cu 3 N/Si). The release of N for samples irradiated at the same fluence increases with rising S e for films grown on the two types of substrates (glass and Si). Moreover, the N release curves present the same trend for both sets of samples. At low fluences, the nitrogen release per volume, R(<j>), is approximately linear with fluence, and its rate dRf^J/d^, strongly decreases with increasing fluence. Finally, at high enough fluence, a saturation level in the nitrogen depletion is reached that corresponds to a low remaining nitrogen fraction (5-10%). No nitrogen depletion is observed when further increasing the irradiation fluence. The saturation level is more rapidly reached for S e = 4.9 keV/nm than for S e = 11.7 keV/nm.
The maximum unitary nitrogen sputtering yield, y (i.e. per incident ion), is readily obtained from dR(A)/dA at A = 0, and it depends on electronic stopping power as shown in Fig. 2 . It is observed that y rises in a roughly linear way with increasing S e . Extrapolation of the linear dependence in Fig. 2 down to the abscissa axis (y = 0) reveals that N release only takes place above a certain stopping power threshold (S th ). By assuming that the linear dependence of y on S e holds for S e < 4.9 keV, S th is estimated to be ~3.5 keV/nm.
Discussion
irradiation fluences is explained in the BMR model by considering that the nitrogen density in the material at those high fluences is so low that molecule formation cannot occur (step (ii) cannot be fulfilled). From the experimental Nf value the characteristic distance in a spherical volurrie to allow molecule formation is estimated to be £ ch = Í2 • jjy-j ~0.3 nm, not far from the value of 0.5 nm obtained by Adel et al. [29] for hydrogen pairing in irradiated a-C:H. The calculated molecular release cross section linearly increases with S e in the measured range and has similar values for samples deposited on glass and on Si (fc around 5 x 10~1 5 cm 2 , see Table 1 ). The estimated values are smaller than those reported for InN (fe~6.8x 10-12 cm 2 ) and GaN (fc ~ 0.6 x 10~1 2 cm 2 ) [28, 34] , possibly related to structural differences among materials.
Kinetic behavior 4.2. Microscopic physical mechanisms
The kinetic curves presented in this paper offer an interesting and novel set of data to describe the role of stopping power on the nitrogen sputtering yield in a metastable low bandgap semiconductor. The new results should provide relevant clues to explore the microscopic mechanisms that are responsible for SHI damage. As for other nitrides [28, 30] , oxides [33] or hydrides [29] , nitrogen sputtering can be consistently explained on the basis of the BMR [29] . The equation describing the overall yield R(A) as a function of fluence A, writes
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-laj> (1) where N 0 is the nitrogen density prior to irradiation, Nf is the nitrogen density depleted from the film after irradiation, and k is the molecular release cross section. According to the BMR model, the following steps have to operate in order to release nitrogen by swift heavy ion irradiation: (i) Cu-N bonds are broken, thus, nitrogen atoms can be liberated from their lattice positions, (ii) Nitrogen atoms recombine in the bulk to form N 2 . This occurs whenever the bonds are broken within a short characteristic distance and within a time shorter than the lifetime of free nitrogen atoms in the damaged region (molecule formation faster than retrapping).
(iii) Once a molecule is formed it diffuses out of the material without any further interaction. Eq. (1) is used to fit the measurement data in Fig. 1 and the quality of the fits indicates that the BMR model is an adequate microscopic description for the nitrogen depletion process in this fluence range. As shown in Fig. 1 , the curves tend to an asymptotic saturation level whose value is quite similar for all the samples, being in any case lower than the measured initial concentration of nitrogen, indicated in Fig. 1 by a dashed line. The fitting parameters are listed in Table 1 , where the saturation level for the nitrogen depleted from the film, Nf, has been fixed at ~18 x 10 21 atoms/ cm 3 . The normalized root-mean square deviation (a) to assess the goodness of the fits is also included in the Table 1 . The fact that films are not fully depleted of nitrogen even at very high Table 1 Fitting parameters for the curves shown in Fig. 1 . In this table, S e is the electronic stopping power, k the molecular release cross section and s the mean-square deviation. The nitrogen density depleted from the film after the irradiation (Nf), is fixed at 18 Nitrogen sputtering yields shown in Fig. 2 (up to ~10 4 atoms/ ion) are among the highest reported for sputtering of insulating, semiconductor and metallic targets, being comparable to those obtained for alkali halides, such as LiF [35] . These yields are orders of magnitude higher than those calculated for the nuclear collision regime (<0.16 atom/ion) for Cu at 42 MeV, assuming a typical displacement energy of 25 eV [32] , which indicates that the mechanism for nitrogen depletion is of electronic nature.
Previous irradiation-induced sputtering data for Cu 3 N irradiated with Au ion beam at 200 MeV [36] have been qualitatively interpreted on the basis of the thermal spike model. Essentially the process can be described as vaporization or boiling of the damage track structure as a consequence of the thermal spike generated by the ion impact. This phenomenological model has been also used to describe high sputtering yields in several other materials (oxides, halides) when irradiated in the electronic regime. Nevertheless, a recent publication [6] has shown that the nitrogen sputtering yield in copper nitride films is independent of substrate temperature during irradiation within the 100-300 °C range. This feature cannot be properly explained on the basis of the thermal spike model [19] since it would predict an enhancement of the damage track radius produced by each impact with temperature and thus, an increase in the overall sputtering yield. Therefore, we propose here to discuss the electronic sputtering process in terms of an alternative excitonic model [37, 38] , initially suggested by Itoh et al. [39] , and satisfactorily applied to describe many damage features in LiNb0 3 [37] [38] [39] [40] [41] [42] , as well as in alkali halides [43] . It assumes that the bond-breaking and nitrogen release from their lattice sites is caused by non-radiative decay of localized excitons. This is possible because the potential energy stored in every excitan (band-gap slightly higher than 1 eV) may be sufficient to break N-Cu bonds. The sputtering yield (y) per ion impact linearly depends on S e indicating that the energy needed to break a bond is always the same regardless of the temperature reached at the ion track. In other words, the bond-breaking efficiency is roughly proportional to the number of excitons generated by the ion impact and is independent of the temperature reached in the spike, provided that the temperature is high enough to promote nonradiative decay of excitons. The excitonic model [37, 38] assumes that the concentration profile of excitons around the ion trajectory (radial concentration) is coupled to the initial temperature profile and can be written as:
where S e is the electronic stopping power, / the energy required to form an electron-hole pair (typically 2-3 times the band-gap energy, i.e. ~2 eV for copper nitride), r the radial distance, and a 0 the initial profile width. This parameter is related to the band-gap energy by means of the electron-phonon mean free path [44] , resulting in a 0 ~ 6 nm for copper nitride. Fig. 3 shows exciton profiles corresponding to the ions used in this work (Table 1 ). In addition, the profile corresponding to the previously identified threshold stopping power (S th = 3.5 keV/nm) is plotted. The peak of the profile for S e = S th provides the critical exciton concentration, nx c = 16nnr 3 , necessary for nitrogen release, i.e. n Xc = 2/(4/3nl 3 ch ). This value corresponds to a characteristic distance, l ch ~ 0.3 nm, which agrees quite well with that derived from the fitting of experimental data in Fig. 1 to the BMR model. This good agreement suggests that the non-radiative exciton decay may be the origin of the N-Cu bond breaking.
If one integrates (cylindrical symmetry) the profiles obtained at every stopping power (Fig. 3 ) from the ion track centre (r = 0) up to the distance at which the exciton concentration equals n Xc =16-nnr 3 (vertical lines in Fig. 3) , one obtains the number of excitons per nm around the track (given in brackets in Fig. 3 ). This number is about two orders of magnitude larger than that of broken bonds, suggesting that the damage efficiency of the non-radiative exciton decay channel is quite low. This is not surprising since, luminescence measurements in alkali halides [44] indicate that only a small fraction (~1%) of the electron-hole pairs, generated during ionbeam irradiation, will contribute to the non-exciton decay.
The total number of sputtered nitrogen atoms calculated for copper nitride films on the basis of the non-radiative exciton decay approach by assuming that the efficiency is ~2.5% is plotted in Fig. 3 . A good agreement between calculated and experimental values is observed, which supports the description of electronic sputtering by means of the excitonic model. The fact that irradiation damage and nitrogen sputtering may be described on the basis of an exciton mechanism may also explain the decomposition of the copper nitride films when irradiating them with laser pulses and electrons where a significant thermal spike is not produced. Of course, a much better knowledge of the electronic properties of copper nitride and particularly of the exciton dynamics would be necessary before any sound model may be developed.
Summary and conclusions
Nitrogen sputtering yields under Cu irradiation have been measured in the energy range 10-42 MeV. Values are similar for films deposited on glass or silicon substrates and strongly increase with electronic stopping power up to around 10 4 N/ion at 42 MeV (11.9 keV/nm). The kinetics of sputtering can be described on the basis of the bulk molecular recombination model. A threshold for material decomposition has been estimated, by the first time, to be ~3.5 keV/nm. The high nitrogen sputtering yields and the threshold behavior indicate that sputtering mechanism are related to electronic excitation processes. Moreover, the consistency of the trends found for the measured nitrogen sputtering yields and those calculated on the basis the non-radiative exciton decay supports an excitonic model to be responsible for the experimental observations. The occurrence of a critical exciton density to promote a significant sputtering yield stands out the key role of the high electronic energy depositon rates achieved during swift heavy ion irradiation. Nevertheless, a better knowledge of the electronic properties of copper nitride films is necessary to further develop the excitonic model.
As a general conclusion, we expect that the reported data may provide new information on the electronic damage processes operating in low-bandgap semiconductors under SHI irradiation.
